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INTRODUCTORY.

It should be explained at the outset that the title of this
paper is intended to cover some interesting features in the
design of continuous-current motors for railway motor-car
operation. The design of locomotive and alternating-
current motors, whilst offering much that is of interest, is
too wide a subject to be dealt with here. Few forms of
electrical machinery have seen more rapid and efficient
development than the traction motor ; in little more than
20 years it has grown from the open-type, double-reduction
machines of Sprague, Short, and Vandepoele, rated at
about 10 to 15 kw., to the compact, ventilated, interpole
200-kw. motors in common use on our underground and
suburban railways.

The year 1895 saw practically the end of the " trial and
error " stage of electric railway engineering, and the estab-
lishment of a common basis of design for railway motors.
This comprised 4-pole structures of waterproof design,
series excitation, drum armature-winding, usually of the
2-circuit type, and a speed at rated load of about 500 r.p.m.,
thus permitting of single-reduction gearing. Develop-
ments of more recent date, however, offer much that is of
interest to the designer and user of electrical machinery.

The study of the railway motor can best be approached
by a brief survey of the requirements of such a machine.
The widest field for electric traction in densely populated
countries like Great Britain and the eastern United States
is for urban and suburban railway service in the industrial
areas. Typical average conditions for such a service are
the running of trains of 150 tons weight at a schedule
speed of 16 miles per hour, with two stops per mile.
Such a train would conceivably have five cars, the front
and rear ones carrying motors and weighing 40 tons each,
fully loaded, whilst the remainder would be trailers. The
service would call for an average initial acceleration of at
least 1'5 miles per hour per second, necessitating an
aggregate tractive effort at the wheel-treads of 23,000 lb.
Now, as the weight per axle of the motor-cars is only
22,400 lb., the maximum tractive effort per axle with a
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friction coefficient of 02 would be 4,480 lb. The most
usual motor arrangement would consist in driving every
one of the eight motor-car axles ; each of the motors
would therefore have to exert a tractive effort of about
3,000 lb. If the train be accelerated up to 15 miles per
hour on the rheostats the output of each motor during
acceleration would be 90 kw., and this figure would in all
probability approximately represent the rated capacity of
the machines on the i-hour basis. Alternatively, the weight
of the motor-cars might be so distributed as to throw a
greater proportion upon the leading trucks, and two motors
per car, each motor rated at 180 kw., be employed.

The foregoing are typical straightforward conditions of
electric suburban service ; in many circumstances, how-
ever, the requirements are of a much more onerous nature.
Electric traction has to contend with heavy grades, short-
radius curves, subaqueous tunnels, heavy rush-hour and
excursion overloads, and often unskilled operation. Motor-
cars are frequently kept in practically continuous operation
for from 18 to 20 hours per day. The railway motor is
therefore a piece of machinery liable to very severe usage,
and its design and construction in accordance with its
service conditions form an interesting study.

Throughout the paper the following assumptions
apply :—

(1) The rated output is the power delivered through the
gears according to the standard i-hour basis of rating (see
Appendix).

(2) Power throughout the paper is defined in kilowatts,
the horse-power unit for motor rating being considered
obsolete.

(3) Voltage, except where otherwise specified, is assumed
to be 600.

(4) Rated speed or rated current is the speed or current
corresponding to the rated output, as in (1).

(5) The object of the paper being to consider general
tendencies in design, the curves and tables should be
regarded as representative of such tendencies rather than
of precise quantities.
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WEIGHTS AND DIMENSIONS.

In the last few years, owing partly to the competition
of the alternating-current motor, but more to the wide-
spread demand for increased economy in all branches of
engineering work, considerable improvements have been
effected in the design of the traction motor. Figs, i and
2 show one direction in which this improvement has been
manifested. The dotted curves represent the average
weight in pounds (including pinion, gear, and gear-case)
of the railway motors in general use up to about the year
1909, whilst the full lines show the weights of motors of
similar output designed since this date and in operation
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FIG. 1.—Weights of continuous-current railway motors at
600 r.p.in. rated speed.

Broken curve : designed before 1909.
Full curve : present-day designs.

to-day. These latter, it is interesting to note, are almost
all of the commutating-pole type.

In all parts of electrical railway equipment dead-weight
is an objectionable feature, and nowhere more so than in
the motors where these are suspended directly upon the
trucks. The nose form of suspension in general use
throws about half the weight of the motor upon the axle
without any intervening springs ; and owing to the thrust of
the gears this proportion is increased or diminished during
acceleration according to the position of the motors.
Moreover, owing to the motor armature rotating from
three to four times as fast as the wheels, the energy stored
up in it during the accelerating periods will be very con-
siderable, and for this reason minimum weight and arma-
ture speed are desirable. A typical calculation for the
value of this momentum has been worked out by Mr.
F. W. Carter.*

• Journal I.E.E., vol. 50, p. 437, 1913.

The following figures are of interest as showing the
weights of two motors of identically the same rated output
at 500 volts. The GE 74 machine was, however, intro-
duced in 1904 and the GE 201 in 1910.

Type of motor GE 74 GE 201
Rated kilowatts 48 48
Weight; motor without

gears 3,1191b. 2,3851b
„ armature and

pinion ... 845 ,, 639 „
„ gears ... ... 240 „ 220 „
„ gear-case ... 175 „ 130 „
„ motor and gears

complete ... 3,534 „ 2,735 „
„ per kilowatt

rated output... 74 „ 57 „
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FIG. 2.—Unit weights of railway motors corresponding to Fig. 1.

This reduction of nearly 800 lb. in weight has been
secured partly by the increase of rated speed made pos-
sible by the adoption of commutating poles, but to a
greater extent by the use of more carefully chosen
material of higher weight efficiency and a ventilated
structure. The rated output given above does not by
any means represent the service capacity of the two
motors, since owing to its ventilated design the GE 201
motor will have a sustained capacity not less than 50
per cent in excess of that of the older type of machine.

A closer investigation of the curves in Fig. 1 will show
the desirability, from the weight-efficiency point of view,
of employing a few motors of high capacity, rather than a
greater number of low capacity. Let us consider alter-
native arrangements for the equipment of a train of six
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cars, two of which are motors. Service requirements
necessitate the expenditure of 720 kw. at the wheel-treads
during acceleration, and this may be accepted as repre-
senting the aggregate rated output of the motors employed.
The two alternatives are:

No. of driving axles ...
„ motors

Rated kw. per motor ...
Weight per motor
Cost per motor

„ , total

I
8
8

90
4,000 lb.
£230

£1,840

II
4
4

180
6,200 lb
£340

£1,360

It need hardly be said that conditions occasionally
dictate the adoption of Alternative I, but, ceteribus paribus,
it may be affirmed that the best practice is to employ the
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KIG. 3.—Relation of output to dimensions of armature.
Curve A : Geared railway motors, 600 r.p.m.

„ B : Hobart's curve for c.c. machines, 600 r.p.m.
O indicates British, Q American, and A Continental designs.

largest motors which can be economically loaded on the
lightest service. Rheostats, contactors, reversers, and
train cables require to be duplicated for every additional
pair of motors ; the above disparity in costs would there-
fore be far greater were the complete equipment
included.

Turning to the question of linear dimensions, it is
found that the limitations in this direction are of even
more strict a nature than those governing the weight. On

the standard rail-gauge of 4 ft. 8£ in. the maximum
distance between the inside of the wheel flanges is
52 in., which of course positively limits the length of the
motor casing. In the other direction the wheel diameter
is the limiting feature, and in view of the minimum
structure gauge, height of station platforms, and head
clearance within the cars, a wheel of greater diameter
than 36 in. has seldom hitherto been tolerated, and as a
matter of fact the size in common use on by far the
majority of electric suburban, elevated, and subway
railways is 33 in. However, it is interesting to note a
recent more liberal tendency in this direction, and there
is no doubt that wheels of 36 in. to 42 in. will become
standard except where tunnel limitations are too severe.
With the 33-in. wheel the radial distance corresponding
to the armature radius, air-gap, length of pole-piece, and
thickness of motor shell, is obviously something less than
i6£ in., which gives a maximum armature diameter of
20 in. The axial length of the armature core is still further
restricted owing to the fact that with increasing output
more lateral space is demanded for the gears and com-
mutator ; this leaves about 15 in. as the maximum prac-
tical length of core between end plates for a 600-volt
motor of about 200-kw. rated capacity.

In most classes of electrical machines a fairly close
relation can be established between the size of armature
and the output, and in Fig. 3 an attempt has been made
to represent the law as applied to traction motors on the
i-hour rating. Curve A represents a series of interpole
designs worked out by the author, whilst the points indi-
cated refer to machines in actual service from which the
constants have been derived. As will be seen, British,
American, and Continental designs are included, and the
agreement is fairly close. The step at the end of the
curve relates to motors with duplex gears, this being
an expedient adopted with machines of very heavy output
at a fairly low speed. The torque being too great to be
satisfactorily transmitted through one pinion, gears are
mounted at either end of the motor shaft; this necessarily
narrows down the axial length of frame and armature
core, therefore calling for a greater armature diameter.

Motors of this size and type are of interest, however,
only for locomotive work and are therefore outside
the scope of this paper. It is interesting to compare the
curve relating to railway motors with that plotted for
stationary machines; the great disparity is of course due
mainly to the system of rating employed.

SPEED AND TRACTIVE EFFORT.

Railway motors, being 'invariably series wound, attain
high rotational speeds at light loads. The free-running
speed in service usually coincides with about one-third
the rated load, and is nearly double the rated speed. In
other words a motor having an armature diameter of
20 in. and a rated load speed of 600 r.p.m. would attain
a rotational speed of about 1,000 r.p.m. and a peripheral
speed of 5,250 feet per minute when free running. With
higher degrees of saturation the increase at light load
will not be as great, but in any event it will be very near
the maximum judicious peripheral velocity. This, together
with the fact that the gear and friction losses are greatly
increased at high rotational speeds, provides an argument
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against the use of higher rated speeds than 600 r.p.m.
Indeed this figure may be said to cover practically all
types of motor for car operation other than those designed
for control by sectional fields. Consideration of the
proportionment of losses in the machine may, as will
be seen, sometimes dictate the use of a somewhat lower
or higher speed for certain types of service, but 600 r.p.m.
is a good average value for satisfactory designs. The
main disadvantages of extreme speeds may be indicated
as follows :—

High Speed.
High core and fric-

tion losses.
Excessive forces on

armature.

Low Speed.
High copper losses.
Excessive pinion

stresses.
Poor ventilation.

Faulty commutation. Heavy machine.

In general the efficiency of the high-speed motor is
better at rated load and inferior at light loads as compared
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(A) Limiting minimum saturation.
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(C) Typical 170-kw. railway motor

with the lower-speed design. In the former motor the
core and friction losses are higher and the copper losses,
owing to the fewer armature turns, are less; this in a
measure discounts the high-speed motor for service
involving much high-speed running. On the other hand
the lower-speed motor having a higher armature re-
sistance will be less desirable for work involving frequent
accelerating periods at the full rated current; it will

operate with higher efficiency on long straightaway runs
with few stops.

The influence of the form of saturation curve upon the
motor characteristics has been well illustrated by com-
parison with curves showing the hypothetical maximum
and minimum degrees of saturation.* Figs. 4 and 5 indicate
the typical speed and torque curves for a large railway
motor compared with similar characteristics of a theo-
retical machine with maximum saturation in which the
field flux is constant, and also of a motor in which the
saturation is nil, the flux increasing as the square of
the current. It will be seen that the actual practical design
tends towards one or other of these extremes according to
the service for which the motor is designed. For long
runs without stops where time has to be maintained in
spite of adverse conditions, the motor showing the least
variation in speed for a given difference in torque, in other
words the highly saturated motor, is desirable. On the
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other hand, for services with frequent stops, involving
rapid acceleration, a fair proportion of the running will be
upon the motor speed-curve, which needs therefore to
be of the flexible type, characteristic of a machine with
a less highly saturated magnetic circuit. The saturation
curves of four motors in very extended use comprising
two different makes are shown in Fig. 6.

* PARSHALLand HOBART: "Electric Railway Engineering," p. 58.
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It should be noted that the motor losses will influence
the characteristics, copper losses tending to reduce the
speed and core losses to diminish the torque.

COMMUTATING POLES.

From the nature of its design the continuous-current
traction motor must be expected to commutate poorly,
compared with stationary machines of similar output and
voltage. In generator design it is usual with increasing
output to increase the number of poles and of parallel
paths through the armature in order to improve the
collection of current. These devices are of course inap-
plicable in the case of traction motors on account of the
confined space ; the armature size is limited and the
number of poles is restricted to four. Moreover, in order
to balance out inequalities in the air-gap and to permit of
operation with only two brush sets, the 2-circuit winding
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FIG. 6.—Saturation curves for railway motors.

The circles denote rated currents.

is universal. Practically all motors of ioo kw. and over
are designed for one armature turn per segment in order
to reduce the reactance per coil, but until the general
introduction of commutating poles no other device could
be adopted excepting the maintenance of a well-saturated
magnetic circuit, a wide neutral zone, and the lowest
practicable commutator speed. Even with motors of
the most careful design and construction the reactance
voltage at rated load is of the order of 9 or 10, or four
times that of a reasonably good generator. Certain
motors have been designed with four brush sets, mainly
with the idea of shortening the commutator and providing
more space for the armature core. It has been found
difficult, however, to secure adequate space for the four

brush studs and still to maintain sufficient spacing to
guard against flash-overs ; moreover, the increased fric-
tion and heating offset the improvement (if any) in the
commutation.

A device which has found universal adoption is the
grooving out of the commutator mica to a depth of about
1/16 in. below the surface of the copper. This avoids
any trouble due to high mica and has a remarkable effect
in keeping the commutator surface clean and cool. Soft
brushes are of course never employed with this type of
machine, and with the hard carbons in common use
centrifugal force is found quite sufficient to keep the slots
free from particles.

In the early days of electric railways certain Sprague
motors were designed with compensating windings to
neutralize the armature flux, but the commutating pole
proper was not commercially applied to traction motors
until the year 1905. At this time interpole motors rated
at 100 kw. were put into operation on the 1,000-volt con-
tinuous-current railway running from Cologne to Bonn.
Two years later a similar type of motor was placed upon
the market in the United States, although it was not until
the year 1908 that any of these American-built machines
were advertised as being applicable to pressures much in
excess of the standard 600 volts. Now, however, commu-
tating-pole motors are being regularly supplied with 2,400-
volt insulation and 1,200-volt commutators for running two
in series on a 2,400-volt line. The broad advantage
obtained by the use of interpoles is the greatly reduced
chance of flash-overs. The reactance voltage being prac-
tically neutralized and the sparking proportionally lessened
in severity, there remains little to start an arc from brush
to brush or to frame. The commutating-pole machine
therefore becomes a stronger type of motor, capable of
heavier short-time overloads and higher speed and
voltage, whilst its maintenance charges are greatly
reduced.

An important influence of the commutating pole upon
the design of the motor is the increase of the armature and
decrease of the field component in the same proportion.
To accommodate the interpole the neutral zone has to be
slightly widened and the polar arc shortened; conse
quently the total flux entering the armature from the main
pole is reduced to a corresponding degree. On the other
hand the reduced armature reaction permits of an in-
creased loading in ampere-turns on the armature. More-
over, although it has been urged by some designers that
the commutating pole could never be introduced into
railway motors on account of the confined space, it is
found that the traction motor is no larger and, as already
seen, is lighter than the pre-interpole machine. A notable
instance of the use of the commutating pole in a motor of
extremely limited size is found in the machines on the
Moselhiitte mineral line in Lorraine, where the locomotives
are operated at 2,000 volts, the pressure on each motor
being 1,000 volts. The gauge of the line is only 39J in.,
notwithstanding which it has been found possible to
equip the locomotives with motors rated at 120 kw., the
armatures being of 26 in. diameter with a core length of
only 6\ in.

Table 1 gives the outline design features of typical
modern commutating-pole railway motors for 600-volt
operation.
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FIELD-CONTROL MOTORS.

As already seen, although 600 r.p.m. represents the
average speed at rated load of by far the majority of
satisfactory designs, there are occasions where some
variation of this quantity is desirable. It is frequently
the case that a certain type of motor being standardized
by a railway company will be called upon to perform
widely different classes of service, possibly interchanging

have at its full field a speed 10 per cent lower than the
average machine, whilst with the short field this speed
is increased by some 25 per cent. The motor is thus able
to run upon either of two speed curves at the will of the
motorman.

Sectional field control was used on some of the very
early motors, but the method later fell into disuse and it
was not until the general adoption of the commutating
pole that field control was definitely established. With-

TABLE 1.

Outline Data for 600-volf Interpolc Railway Motors at 600 r.p.m. Rated Speed; Non-field Control.

Rated output, kw.
Efficiency, per cent ...
Input, kw
Amperes
Armature turns
Ampere-turns...
Flux per pole, megalines
Turns per segment ...
Commutator segments
Armature slots

„ diam., in. .
„ core-length

D2 L, in. .
Weight, lb., less gear.

,, with gear

25
84
3o
5o

444
11,000

3 "4
3

148
37

80
1,700
1,980
2,200

So
86
58
97

320
15,000

4"9
2

160
4 0

i6-o
9-8

2,500
2,54°
2,800

IOO

89
113
189
234

22,000
65

1

234
39

18-0
1 1 7

3,800
3,9°o
4,400

150
90

167
278
195

27,000
7-8

1
195
39

19*0
14*0

5,000
4.95O

200
00

222
37o
170

31,000
90

i

170
34

2O'O
I4-5

5,8OO
5-95O
6,6OO

T A B L E 2.

Outline'Data for 600-volt Interpole Railway Motors at 600 r.p.m. Rated Speed; Field Control.

Rated output, kw
Efficiency, per cent
Input, kw.

Armature turns
Ampere-turns ...
Flux per pole, megalines, full

„ „ short
Turns per segments
Commutator segments
Armature slots

,, diam., in
,, core-length, in

D'L, in
Weight, lb., less gear

,, with gear

25
82
•31
J1

5248O
I2,6OO

4" 1
3"i

3
160
40

1 5 0
9 2

2,040
2,380
2,640

5°
84
60

IOO

336
17,000

59
4"4

2

168
4 2

170
105

3,000
3,O5O
3,4oo

IOO

88
1 1 4
IOO
258

24,200
7-8
5"9

1

258
43

1 9 0
1 2 6

4,55O
4,75O
5.280

150
88

1 7 1
286
215

3O.4.OO

94
7-1

1

215
43

2O"6
14*0

6,000
5,950
6,600

2 0 0

88
228
380
186

35,200
io-8
8-i

1

186
31

21-8
H'5

6,900
7,100
7.900

local service with as many as two stops per mile, with
express schedules running five miles or more without a
stop. For the local service, high-speed low-copper-loss
motors are required having a low-speed gear ; whilst the
most suitable machines for the fast service are those rated
at a lower speed and having a low core loss and high-
speed gearing. The use of sectional or tapped field
control affords one method of effecting the compromise
and operating a system of diverse characteristics with one
type of motor. More valuable still is the use of field
control for notching up on the controller during accelera-
tion. A motor designed for this principle will probably

out interpoles, as may be imagined, weakening the field
causes excessive rushes of armature current, sparking, and
flashing over. To a small extent these troubles in earlier
motors of the type were due to the shunting of a portion
of the field winding rather than to its being open circuited.
Such a procedure naturally increased the lag of the field
current, opposing the growth of the flux, and serious
sparking was the result. The commutating character-
istics are so improved in the interpole machine, however,
that reduction of the main field by 50 per cent does not
appear to affect the collection of current. Typical speed
curves for a field-control motor are shown in Fig. 7.
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The " full field" characteristic of a motor of this type
should be a good flat curve, denoting extremely high
saturation, otherwise the "short field" curve will show
dangerously high speeds at light load ; 450 r.p.m. for the
rated load speed at full field, and 550 or 600 at short field,
are typical of what has been found most satisfactory
practice for a 200-kw. motor. Too great a disparity in
the speeds at any given armature current leads to a
pronounced current " kick" when changing, and would
probably tend to induce flashing over.

To those accustomed to laying out performance curves
for electric railway equipment it is sufficient to say that
the field-control motor provides a shorter rheostatic
period and a much longer period of motor speed-curve
running. The lower the full-field speed of the motor the
quicker will the rheostats be cut out, and the less the
rheostatic losses for a given acceleration rate. On one
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FIG. 7.—Speed and tractive-effort characteristic for a 45-kvv.
motor on short (S F) and full (F F) fields.

of the suburban railways in Christiana, Norway, the field
windings of the 1,200-volt motors are not only divided for
short and full fields, but are grouped for series and
parallel connections. This gives four different running
speeds all with the motors directly on the line. By this
means nearly half of the controller notching may be per-
formed free of rheostats, and a good approximation to
alternating-current tapped-transformer control is effected.
The mere tapping-off from a single point near the middle
of the field winding is becoming standard practice, how-
ever, in view of the simplicity of the necessary controller
connections.

RATING.

Under this heading are discussed the associated subjects
of efficiency, losses, and heating.

The output of a railway motor is based upon a certain
definite temperature rise under certain definite conditions.
This rise is closely related to the watts lost in the motor
and to the effective dispersal of these losses. At the
present day there are three general types of motor in
use, namely, (a) enclosed, (6) ventilated, and (c) forced

draught; but on the usual i-hour rating these are all
brought into line, as by common consent no kind of
forced ventilation is permitted for the 60-minute heat
run.

The overall efficiency of a motor allows for losses in
the copper, core, and commutator, together with gear
and bearing' friction and windage. As factors in the
temperature rise, however, all but the gear losses are
effective. In the short i-hour heat run these are absorbed
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FIG. 8.—Time taken to attain 75 degrees C. temperature rise on
hottest accessible part.

(A) Ventilated ; (B) Non-ventilated motors.

in the mass of the machine, there being little radiation
with heavy motors ; it is therefore justifiable, as proposed
by Mr. H. M. Hobart,* to assign a certain definite value of
kilowatts per ton weight of motor for the 75-degree C.
temperature rise. This "kilowatts per ton" expression is,
however, one of a very approximate nature and useful only
when comparing motors of similar type, size, and ventila-
tion characteristics. This relation of the losses to the
mass of the machine shows that the weight cannot be
reduced to a radical extent without also designing for
an increased efficiency, and that a low-efficiency motor
is ipso facto a heavy one for its output. The output

* " Heavy Electrical Engineering," chapter 11, p. 245.
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of a railway motor at rated load is, however, being
superseded as a criterion of its service capacity. What
is far more important than the i-hour rating is the
capacity for continuous operation of five or six hours or
even longer periods.

The curves in Fig. 8 throw some light on this point,
and referring to these it will be seen that although two
different machines may have exactly the same rated i-hour
output, efficiency, and possibly weight, their performance
on runs of longer period is radically different. Motor A,
it will be seen, will take much heavier loads to reach its
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FIG. 9.—Losses in a 180-kw. motor.

75-degree C. rise than motor B for two, three, or four
hours' running. The former is representative of the
recent ventilated designs, and the latter of the totally
enclosed carcase motors which are only just being
superseded by type A. It may be urged that 75 degrees C.
is an undesirably high temperature rise for a service condi-
tion, even for an 8-hour run, but it will be noted that the
curves shown relate to stand tests, and the heating in actual
service may be assumed to be some 15 per cent lower
on account of the positive draught produced by the
motion of the train.

Actual service, however, does not demand a steady
current input* but a very fluctuating one, the values of

which can only be predicted by graphical construction
of the speed- and current-time diagrams. The voltage
too is a variable quantity, taking into account the number
and duration of the stops, coasting periods, etc. It is
obvious that the heating, so far as it is influenced by the
copper losses, depends upon the square root of the mean
of the squares of the varying current input. Further, the
core losses are directly proportional to the product of
speed and flux, or, in other words, approximately to the
impressed voltage. Determination of the R.M.S. current
and average voltage from the performance curves will
therefore afford a clue as to the average losses and thermal
capacity of the motor.

In Fig. 9 are shown the approximate values of the losses
in a 180-kw. railway motor, and Fig. 10 shows the thermal
characteristic of the same machine running on stand test.
The preponderating factor in the temperature rise at rated
load is the copper loss, and at light loads the core and
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FIG. 10.—Thermal characteristic of 180-kw. motor (see Fig. 9)
for 75 degrees C. temperature rise.

stray losses; consequently a motor for frequent stops
and accelerating service should be designed with a view
to the lowest possible copper loss, whilst the machine
which is expected to run for one or more hours con-
tinuously at about one-third rated load should have the
lowest possible core loss in order to operate within its
temperature limitations. For a given speed, low copper
loss implies an armature winding of few turns, and conse-
quently a high value of polar flux, which in an armature
of given size leads to an increased core loss. At the same
time the higher field excitation may lead to a dispro-
portionally increased Ia R loss in the field windings if
pushed too far. In many cases better practice is followed
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by increasing the rated speed in inverse ratio to the
armature turns; thus the pole flux is unchanged, the
armature Is R loss is diminished, and the core loss is
increased almost in direct proportion to the augmented
speed.

The foregoing considerations show that it is impossible
to specify for a railway motor on the basis of its i-hour
rating alone. Specifications should call for the value
of the various losses at two or three different loads,
particularly for the average load at which the motor is
expected to operate in service.

Reference to Fig. 9 will demonstrate that copper and
core losses are far from being the only losses of signi-
ficance. The stray losses due to journal and commu-
tator friction and windage are all factors in the tempera-

VENTILATION.

Reverting to the curves in Fig. 8 and bearing in mind
the fact that the average load on a railway motor is from
25 per cent to 45 per cent of its i-hour rating, the value
of the present ventilated designs is fully evident. In more
than one instance on electric railway systems in America,
ventilated motors rated at 50 lew. are doing the same work
as the 80-kw. non-ventilated machines which they have
superseded, with a net saving of 50 per cent on the
equipment weight and of 30 per cent on its cost. Con-
trary to general opinion ventilated motors have been found
to operate satisfactorily even under the most adverse cir-
cumstances of dusty and gritty ballast.

One of the first types of semi-ventilated motor in
general use in England was the GE 66, 95-kw. motors

TABLE 3.

Data o/6oo-volt Continuous-current Railway Motors in Actual Operation.

Ref.

A
B
C
D
E
F
G
H

I
L
M
N

Motor

Type

GE 203
W306

GE20I
W 321

GE 205
GE66
DK4A

GE55A
GE 248

W86B
W308
GE69
W339

Output

h.p.

SO
6 0

7S
0 0

1 0 0
I2S
160
160
160
2 0 0
22S
24O

275

kw.

37
45

67
75
94

119
u p
119
ISO
170
180
205

Weight. Lb.

Less
Gear

2,I7O
2,645
2,38S
3,68O
3>23O

3>9°°
6,050
5,060
5.4°°
5.5oo
6,150
5>4°°
7,000

With
Gear

2,640
3.O3O
2,735
4.150
3,700
4,400
6.535
5.4J5
5.975
6,200
6,740
6,000
7,800

Per
kw.

72
6 7

49
62
49
47
SS
4i
•>o
41

40
33
3«

Speed

Rated
Load

630
625
68O
53O
75O
55O
470
53O
55O
650
59O
54O
570

r.p.tn.

1/3 Rated
, Load

1,140
I,I5O
I,I2O

97O
I,3OO

980
97O
880

1,230
1,090

960
93O
9OO

Satura-
tion

Factor

i-8o
i-»5
1-65
I-«3
173
178
2O6
1-65
2-23
i-68
1 7 2
1 7 2

i'5«

Efficiency. %

Less
Gear

89
89
89
89
90
91
91
89
90
91
91
91

92

With
Gear

85
«5
«5
«5
86
88
88
86
87
88
88
88
89

Operating on

Twin City Rapid Transit, Minn.
Pacific Electric RR., Cal.
International Ry., Buffalo [la
Waterloo and Cedar Falls RR.
Oregon Electric Ry.
Central London Ry.
Lancashire and Yorkshire Ry.
Boston Elevated RR.
New York Municipal Ry.
New York Subway
Southern Pacific RR., Cal.
London Electric Ry.
L. & S.W. Ry.

All the above are commutating-pole motors with the exception of F, G, H, K, and M. Motor T is a field-control
design having a full field 25 per cent in excess of normal, hence the high saturation factor. This latter quantity
is a figure denoting the shape of the speed curve, and is the ratio of the speeds given in the two previous columns.

ture rise, whilst the gear friction detracts a further 3 per
cent to 7 per cent from the efficiency according to the
speed.

The basis of both the American and European methods
of rating railway motors is the 75-degree C. temperature rise
in a i-hour run on the test bed with covers removed and
no artificial ventilation. Without having been standardized
in England this system is in very general use here and
might quite well be officially adopted. It is usually
recognized that the i-hour rating represents the maximum
desirable current input for acceleration, and that the
average load for a complete day's running should not exceed
30 per cent rated load for unventilated, or 50 per cent
rated load for ventilated machines. A tendency is at
work to assign a standard for continuous rating, but in
view of the widely different classes and requirements of
electric service, and the indiscriminate use of ventilated
and unventilated motors, little use could at present be
made of this.

which are still operating on the Central London Railway.
These machines had hollow shafts admitting air at the
commutator end. The shafts were drilled radially, per-
mitting the air to circulate through longitudinal and radial
ducts in the armature core. No definite arrangement for
the egress of the air seems to have been provided, however.
In more recent designs radial ducts in the core have been
quite abandoned in favour of longitudinal passages. The
air is admitted, usually at the gear end, transmitted between
the poles and over the armature surface to the commutator
end, where it flows back through the commutator spider
and along the core ducts to the fan, which is fitted at the
gear end of the armature core and immediately next the
air outlet in the casing. This is known as the series-fan
system of ventilation ; more recently, multiple fans have
been introduced by which the air is all drawn in at one
end of the carcase through all the passages in parallel and
expelled at the other end. Thus there is no reversal of the
air current, its volume and velocity are greater, and there
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is no risk of sucking in the hot air just expelled from the
motor, as is the case with the series fan where the outlet
and inlet are necessarily close together. The increased
velocity reduces to a minimum the risk of depositing dust
or brake-shoe grindings.

In all ventilated motors properly so-called, the air circu-
lation is effected by an exhaust fan of very compact type,

A

FIG. II.—Systems of motor ventilation :
(A) G E 66 Semi-ventilation.
(B) Series fan.
(C) Multiple fan.

usually of aluminium or pressed steel, which is bolted to
the armature core and actually forms the end core-plate.
The velocity imparted to the air is sufficient to retain in
suspension any dust which might enter the casing and to
carry it out again. The drawback to the earlier semi-
ventilated motor was that no positive velocity was given to
the air, and also that the structure of the machines provided

dead-ends and pockets into which the dust, grit, iron oxide,
and other particles were driven and permitted to accu-
mulate. The present type of motor with its strong induced
draught and clean-cut and direct air passages overcomes
these drawbacks entirely.

Fig. 11 shows skeleton diagrams of (A) the old GE 66
system of semi-ventilation, (B) the series-fan, and (C) the
multiple-fan methods of ventilation. Either of the latter
is subject to modification where desired, as the inlets or
both inlets and outlets can be closed where conditions
require, and the motor will still run cooler than if no fan
were installed, on account of the better interior air
circulation.

Mention might here be made of forced ventilation
by means of blowers. This expedient does not seem
to be justified except where it is required to force the
output of a motor beyond that obtained by internal
ventilation. The device is at present almost wholly
confined to locomotives where the equipment is under
closer inspection during operation, and it is extremely
doubtful whether it would attain any measure of success
if generally applied to car motors.

HIGH-VOLTAGE MOTORS.

The increase in rated voltage to values higher than 6oo
followed immediately upon the introduction of commutat-

S.

0-6

0-4

0-2

500 ipoo 1300
Rated voltage

2,000

FIG. 12.—Space factors for railway motor armature-slots, mica
insulated.

ing poles into railway-motor design; commutation was
thereby so much improved that an increase of 100 per
cent in the average volts per commutator segment was
found permissible. Previous to this, however, it was a
common commercial test to run non-commutating-pole
motors on the test bed at 50 per cent and in some cases
at 100 per cent overvoltage ; with the later designs this
was accomplished with a marked absence from flash-over
tendencies.

The practicability of increased pressures of 1,200 or
2,400 volts has greatly broadened the limits of continuous-
current working. Where these high pressures are
employed it is generally for fairly heavy service of the
interurban or extra-suburban order demanding powerful
motors ; this is a favourable feature, as in common with
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other classes of electrical machines the high-voltage
traction motor becomes a more economical proposition
with increasing outputs. As will be surmised, there is a
perfectly definite limit to the pressure which can be
applied to the motor terminals, and this would appear to
be about 2,000 volts for car motors of the type under
review.

In any 4-pole series motor with a 2-circuit armature,
the internal voltage at rated load is given by

V = 0*02 N * /

where N = total number of turns on armature,
4> = polar flux in megalines,

= frequency = r.p.m./3o.

In another direction some latitude is permissible ; with
increased voltage of course the current to be commutated
is reduced, consequently the commutator can be shortened
in almost the same proportion. This applies to the work-
ing length and assumes a fixed brush width, though there
may be cases where with a very high voltage the circulat-
ing currents between the toe and heel of the brush would
necessitate a narrower brush. It is, however, generally
found that the working length of commutator for 1,200
volts need be only half that required for 600 volts. Every
inch by which the commutator is reduced may be added
to the core length, thus immediately securing an increase
in the effective flux passing through the armature. This
very nearly compensates for the reduced armature loading

IPTs

FIG. 13.—Section of 200-kw. 1,200-volt ventilated motor for field control.

Evidently in a motor of given dimensions * is limited,
and therefore an increased voltage can only be secured
by a higher speed or a higher value of the arma-
ture loading. Higher rated speeds are being put out of
court by the general adoption of field control, apart from
the desirability of keeping the commutating constants as
good as possible ; hence to increase the number of turns
in proportion to the higher pressure is the only alternative.
The diminishing space factor of the armature slots, how-
ever, prevents this being effected in an armature of given
diameter (see Fig. 12).

consequent upon the low space factor in the slots, and
leads to the interesting conclusion that with given dimen-
sions the higher-voltage motor needs to be designed for
a stronger field and weaker armature. This is just the
tendency required for a satisfactory design.

Table 4 on page 460 outlines the preliminary design
features for three railway motors of 200-kw. rated
output at 600, 1,200, and 1,800 volts respectively. The
output has been taken as typical of that most commonly
in demand for the railway-electrification work now in
progress. For the reasons given on page 451 the most
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powerful motor which can be economically used is the
most satisfactory. At higher voltages this is still more
true on account of the improved slot space factor accruing
from the use of large strap conductors, wide rectangular
slots, and the general cheapening of the design.

The two limits governing commutator design in high-
pressure motors are the maximum permissible voltage per
segment and the minimum segment width. It is evident
that with one turn per segment, if the number of armature
turns be increased, either the commutator diameter must
also be raised or the bar narrowed down. Little latitude
is available for the increase of dimensions, and the
minimum allowable width of bar including mica is about
o*i6 in., so that a definite limit is fixed in this direction.
The limiting desirable average voltage per segment is
believed to be 20 for a reasonably good field distribution.
High-voltage design calls for low commutator speeds ;
and even though interpoles are fitted it is necessary to
keep the commutating constants as conservative as
possible.

If all these conditions are complied with, the design and
manufacture of a satisfactory 1,200-volt motor is a simple
matter, and that of an 1,800-volt machine, whilst being a
slightly more heavy and costly proposition, is very little
more so. Higher pressures than this do not seem
necessary in view of the practicability of connecting
groups of two or four motors permanently in series.

The three designs tabulated herewith are worked out
for the same carcase and the same armature boring. The
pole-seating in the 600-volt carcase permits of the extra
punchings being added for the longer-cored high-voltage
machines. According to the rated speed a field frame is
generally employed for at least three different outputs of
machine at the same pressure, so that if the same casing
can be used for three different pressures, at least nine
different forms of motor can be constructed from the same
patterns. As will be seen, this gives reasonably good
designs for the 600- and 1,200-volt motors, but owing to
the high magnetic densities reached in the 1,800-volt
machine it would seem to be improved by reducing the
rating about 10 or 15 per cent. It is, however, sufficiently
worthy of note that the same motor carcase which will
give 200 kw. at 600 volts will also yield 180 kw. at three
times this potential. Fig. 13 shows a longitudinal section
of the 1,200-volt motor.

TABLE 4.

Design data for 2oo-kw. railway motors, fully ventilated,
field-control type. Continuous capacity 100 kw. with
do-degree C. temperature rise.

Electrical data.
Rated voltage 600 1,200 1,800
Efficiency 88 88 87
Current, amperes ... 380 190 128

„ per circuit ... 190 95 64
Speed, full field ... 450 450 450

„ short field ... 550 550 550
Frequency 15 15 15
Product, turns x pole-

flux 1,900 3,800 5,700
Turns on armature ... 180 288 360
Pole flux, megalines ... io-6 137 15-9

2,500 2,500 2,500
0076 0*038 0*0256

076xo* 1 o 076x005 0*30x0-084
0-50 0-38 0-30

1 -6x087 1 *6x087 2-ox0-85
1-83 1-83 174

Armature ampere-turns 34,300 26,800 23,000

per in. 520 405 350

Armature.
Diameter, in 21 21 21
Gross core-length, in. 14 18 1975
Net „ „ i2-6 16-2 176
D2L 5,600 7,140 8,600
Pole-arc, in 107 107 i r6
Pole-pitch, in 16*5 165 16*5
Total conductors ... 360 576 760

„ slots 36 36 38
Conductors per slot ... 10 16 20
Current density, amps.

per sq. in
Size of conductor, in.
Dimensions, in.
Slot space-factor
Dimensions of slot, in.
Slot pitch, in

Magnetic data.
Flux density, armature

core, kilolines ... 84 84 90
Flux density, teeth ... 148 141 149

air-gap... 65 65 69
„ pole core 108 108 106

frame ... 73 95 no
Ampere-turns, arma-

ture core 175 175 210
Ampere-turns, teeth ... 4,410 3,120 5.400

air-gap 5,100 5,100 5,400
„ pole core 315 315 280 v

„ frame... 350 980 2,240
total ... 10,350 9,690 13,530

Resistances.
Length of armature

turn, in. 67 75 78
Turns per circuit . . . 89 144 180
Section of wire, sq. in. 0*075 0*038 0*0256
Resistance per circuit 00634 0228 0*440

„ b e t w e e n
brushes 0*0317 0*114 0*220

Armature current . . . 380 190 128
Voltage-drop in arma-

ture . . . . . . . . . 12*0 2i*6 28*2
Voltage-drop in brushes 2*5 2*5 2*5
Armature I2 R loss, kw. 5*50 4*60 3*94
Main pole, length of

turn, in. 60 68 72
Main pole, no. of turns 28 51 I O 5

„ section of
wire, sq. in 0*25 0*125 0*070

Main pole, resistance. . . 0*0054 0*022 0*086
Interpole, length of

turn, in. 32 40 44
Interpole, no. of turns 29 58 87

„ section of
wire, sq. in 0*25 0*125 0*0625

Interpole, resistance . . . 0*003 0*015 0*049
Total field res is tance . . . o'O34 0*148 °'54O
Field current 380 190 128
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Drop in volts 13-0 28*2 69-0
Field I«R loss, kw. ... 4-95 5-35 8-85
Total I« R losses at rated

load, kw IO'45 9*95 I 2 7 9
Total I a R losses, per

cent 460 436 5-6o

Commutator.

Working length, in. ... i r o 55 37
Total length, in. ... 11*5 fro 4*2
Diameter, in i6*o i6-o 16*0
No. of segments ... 180 288 360
Width of segment (inc.

mica), in 0*28 0*175 o%14
Volts per segment,

average 13-3 16*6 20-0
No. of brushes per stud 4 3 2
Size of brush, in. ... 2J x f if X $ if X £

This paper is not intended to be a complete treatise
on railway motors, but merely to summarize a few of the
improvements which have been effected in this class of
machine during the last few years and the main features of
its present design. There is room for much more to be
written on the subject, particularly on the behaviour of
high-voltage motors in actual service.

The author's thanks are due to the Canadian Westing-
house Company and the British Westinghouse Company
for some of the information contained in this paper,
and to Mr. W. G. Gordon of the Canadian General Elec-
tric Company for many useful suggestions.

APPENDIX.

EXTRACT FROM THE STANDARDIZATION RULES OF THE

AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS.

Railway Motors, Rating.

Nominal rating.—The nominal rating of a railway
motor shall be the mechanical output at the car or loco-
motive axle measured in kilowatts which causes a rise
of temperature above the surrounding air by thermometer
not exceeding 90 degrees C. at the commutator and
75 degrees C. at any other normally accessible part after
one hour's continuous run at its rated voltage (and
frequency in the case of an alternating-current motor)
on a stand with the motor covers arranged to secure
maximum ventilation without external blower. The rise
in temperature as measured by resistance shall not exceed
100 degrees C.

The statement of the nominal rating shall also include
the corresponding voltage and armature speed.

Continuous rating.—The continuous ratings of a railway
motor shall be the inputs in amperes at which it may be
operated continuously at £, f, and full voltages respectively,
without exceeding the specified temperature rises, when
operated on stand test with motor covers and cooling
system, if any, arranged as in service. Inasmuch as the
same motor may be operated under different conditions
as regards ventilation it will be necessary in each case to
define the system of ventilation which is used. In case
motors are cooled by external blowers the flow of air on
which the rating is based shall be given.

DISCUSSION BEFORE THE INSTITUTION, 9 MARCH, 1916.

Mi. Carter. Mr. F. W. CARTER : I think this paper is very opportune,
for it deals with an important and special subject of which
the literature is considerably behind development. The
author is wise in limiting the scope of the paper to con-
tinuous-current motors for multiple-unit trains, since the
motors employed in locomotive work and in other systems
of operation have many special features, and a technical
discussion of the whole would form too large a subject for
satisfactory treatment in one paper. The author appears
to attach undue importance to the hourly rating of a
motor ; he expresses many of the results in terms of such
rating ; for instance, Figs, i, 2, 3, 4, 5, and 8 are so
expressed, whilst in Table 3 on page 457 he compares a
number of motors practically on the basis of their i-hour
ratings. Now whilst this rating provides perhaps the
most convenient method of expressing the power of a
railway motor, it is not in any sense a criterion of the
service capacity of the motor, and comparisons based on
it are frequently fallacious. The meaning of the i-hour
rating is given in the Appendix on page 461, being taken
from the American Institute's Standardization Rules. I
was on the Committee that framed these Rules, and I
may say that there was some discussion as to whether
the i-hour rating should be retained at all. It is not that
there is particular objection to it, but that engineers
generally attach too much importance to i t ; the i-hour
rating is apt to be regarded as a sort of criterion of the
performance of a motor, whereas this is quite a misleading

view. It is not even true, as stated on page 457, that the Mr. Carter,
i-hour rating represents the maximum desirable current
input for acceleration ; for old types of tramway motors
this was probably nearly correct, but I should say that as
development proceeded the thermal rating increased at
first faster than the commutating capacity. The result is
that a motor like the GE 69, given in Table 3 as a 240-h.p.
motor, was rated commercially at 200 h.p.,—240 h.p., the
strict thermal rating, being considered to be too high a figure
to furnish the normal accelerating current. Since then
other tendencies have had effect, the commutating pole
has been introduced with improved methods of ventilation,
and the latest motors frequently accelerate at very much
higher than their rated capacity. For instance, the GE
248, which is described in Table 3 as a 160-h.p. motor,
would really accelerate quite as fast as the GE 69, which
is termed a 240-h.p. motor. I wish to refer particularly to
these two motors, in order to show that the i-hour rating
is not a fair criterion of the service capacity of a railway
motor. The two motors are very similar, except that one
—the GE 69—is of an old type. It will be noticed that
they are of equal weight, and I may say that they have
practically equal bodies, not in the sense that the frames
are interchangeable, but that they would go on trucks
having the same wheel-base and the same wheel diameter.
They have equal armature diameters, namely 18£ in., and
are used in America on wheels of 33-in. diameter. The
GE 69 was designed for the Interborough Rapid Transit


